Association with albumin as a means to improve biodistribution and tumor deposition of a Fab was investigated using AB.Fab4D5, a bifunctional molecule derived from trastuzumab (HERCEPTIN) capable of binding albumin and tumor antigen HER2 (erbB2) simultaneously. AB.Fab4D5 was compared with trastuzumab and a trastuzumab-derived Fab (Fab4D5) for the ability to target tumors overexpressing HER2 in mouse mammary tumor virus/HER2 allograft models. Biodistribution was monitored using intravital microscopy, histology, and integrated single-photon emission computed tomography/ computed tomography analysis. Fab4D5 tumor deposition was characterized by rapid but transient appearance in tumor at 2 h with little retention, followed by rapid accumulation in kidney by 6 h. Trastuzumab was slow to accumulate in tumors and slow to clear from normal tissues, although significant tumor deposition was achieved by 24 h. In contrast, AB.Fab4D5 was observed at 2 h in tumor and its presence was sustained beyond 24 h similar to trastuzumab. Intravital microscopy revealed that at peak tumor accumulation, tumor cell staining by AB.Fab4D5 was more uniform than for Fab4D5 or trastuzumab. Similar tumor deposition was achieved for both AB.Fab4D5 and trastuzumab at 48 h (35.9 F 1.8% and 38.2 F 3.1% injected dose/g); however, AB.Fab4D5 targeted tumors more rapidly and quickly cleared from blood, leading to a lower overall normal tissue exposure. Importantly, unlike Fab4D5, AB.Fab4D5 did not accumulate in kidney, suggesting that association with albumin leads to an altered route of clearance and metabolism. Rapid targeting, excellent tumor deposition and retention, coupled with high tumor to blood ratios may make AB.Fab an exceptional molecule for imaging and cancer therapy. [Cancer Res 2007;67(1):254-61] 
Introduction
Tumors present many barriers to efficient delivery of therapies. The rapid growth of tumors leads to heterogeneous vascularization, variable blood flow, and high interstitial fluid pressure that opposes convection and diffusion. Additional factors influencing immunotherapy include level of antigen expression, rate of antigen metabolism or internalization, affinity for antigen and dose of targeting agent, and its pharmacokinetics (1) (2) (3) . To be therapeutically beneficial, targeted immunotherapy must be able to discriminate between tumor and normal tissue, deliver a sufficient dose to tumor, distribute evenly throughout tumor, be retained in tumor, and limit normal tissue exposure and normal organ uptake.
In addition to antibodies, many engineered immunoglobulin fragments varying in size, valency, and pharmacokinetic variables have been explored. Small antibody fragments tend to have increased vascular permeability, diffuse more rapidly into tumors, and distribute more evenly due to their lower molecular weight (4) (5) (6) (7) (8) (9) (10) . They are also cleared rapidly from blood, limiting most normal tissue exposure. Due to their rapid plasma clearance, however, they tend to accumulate in kidney and deposition in tumor is often limited. In contrast, antibodies achieve relatively high concentrations in tumor despite their slow rate of diffusion and poor vascular permeability; however, they tend to distribute heterogeneously within the tumor (11) . Further, their slow clearance from the body results in high normal tissue exposure (11) (12) (13) .
Here, we investigate albumin as a potential delivery vehicle for immunotherapy. Known to accumulate in and be catabolized by tumors, albumin has previously been pursued as a delivery vehicle for chemotherapy (14) (15) (16) (17) (18) . Combining this observation with immunotherapy, we explore the ability of an albumin-binding Fab (AB.Fab) to specifically target tumors. This bifunctional molecule retains the ability to bind antigen, whereas clearance from serum is greatly reduced through its constant association with albumin in vivo (19, 20) .
HER2, an established tumor marker overexpressed in a wide variety of cancers, including 25% to 30% of breast cancers, is a prognostic indicator of long-term survival in patients (21) . These tumors have been effectively treated with trastuzumab (HERCEPTIN), a humanized monoclonal antibody that recognizes the extracellular domain of HER2 (22) . Using mouse mammary tumor virus (MMTV)/HER2 mouse allograft models, we compare trastuzumab with a trastuzumab-derived Fab (Fab4D5) and AB.Fab (AB.Fab4D5) for the ability to target tumors overexpressing HER2. We show that an AB.Fab rapidly targets tumors, achieves a tumor deposition comparable with that of IgG, and quickly achieves high tumor to normal tissue ratios.
(as with AB.Fab4D5) or light chain (as with AB.FabATF) of a Fab yielding essentially identical improvements in pharmacokinetics (19, 20) .
Albumin, HER2, and tissue factor binding assays. Assays used to measure albumin binding affinity have been described previously (19, 20) . Pharmacokinetics of trastuzumab, AB.Fab4D5, and Fab4D5 in mouse serum were monitored using a HER2-binding ELISA (20) . Serum concentrations of anti-tissue factor Fab (AB.FabATF) were assayed using a tissue factor ELISA (19) .
Trastuzumab competition ELISA. Direct competition to block trastuzumab binding to immobilized HER2 extracellular domain (HER2 ecd ) was used to verify functional antigen binding of Fab4D5 and AB.Fab4D5 in the presence or absence of albumin. Immunosorbant microtiter plates were coated with 1 Ag/mL HER2 ecd overnight at 4jC, washed, and blocked with Casein Blocker (Pierce Biotechnology, Rockford, IL) for 1 h at 25jC. Serially diluted serum samples were added to wells along with 100 ng/mL trastuzumab in 1% ovalbumin in PBS and 0.05% Tween 20 with or without 500 nmol/L rabbit albumin for 2 h at 25jC. Plates were washed and bound trastuzumab was detected using goat anti-human FcÁhorseradish peroxidase (HRP; Jackson Laboratory, Bar Harbor, ME). Bound HRP was assayed with tetramethylbenzidine/H 2 O 2 . The reaction was quenched using 1 mol/L phosphoric acid and monitored at 450 nm. A four-variable fit was used to fit data and estimate IC 50 .
Binding to albumin and HER2 simultaneously. Simultaneous binding to HER2 ecd and albumin was monitored by the ability to bridge the interaction between immobilized rabbit albumin and biotinylated HER2 ecd . HER2 ecd was biotinylated using a 4-fold molar excess of NHS-LS-biotin (Pierce Biotechnology). Plates were coated with 10 Ag/mL rabbit albumin (Sigma, St. Louis, MO) overnight at 4jC. Wells blocked with 1% ovalbumin in PBS were incubated with 2 Amol/L AB.Fab4D5 or Fab4D5 for 1 h, washed, and a titration of biotinylated HER2 ecd was added for 1.5 h. Wells were washed, and bound biotinylated HER2 ecd was detected using streptavidin-HRP (SouthernBiotech, Birmingham, AL). Bound HRP was assayed as above.
Mouse allograft models. MMTV/HER2 transgenic mice develop mammary tumors expressing elevated levels of human HER2 with a latency of f4 to 6 months. These tumors are readily transplanted into wild-type murine hosts. For these studies, two mammary tumors derived from MMTV/HER2 transgenic FVB mice were used: MMTV/HER2 Founder 5 (designated Fo5; ref. 24) and MMTV/HER2 F2-1282 (designated F2-1282).
The Fo5 mammary tumor line was maintained through serial passaging via surgical implant of 2-mm 3 sections of tumor into the second right mammary fat pad of wild-type FVB mice. Fo5 expresses >1,000,000 copies of human HER2 per cell and does not respond to trastuzumab (no change in growth rate versus controls when 30 mg/kg trastuzumab is administered twice weekly for 4 weeks). For this study, the Fo5 mammary tumor was surgically transplanted into the second mammary fat pad of beige-nude-xid mice (Charles River Labs, Hollister, CA) as 2-mm 3 sections. The tumor was serially passaged 13 times in wild-type FVB mice before implant into beigenude-xid mice. Transplanted mice were randomized to distribute comparably sized tumors into each group. Mean tumor volumes for each treatment group ranged between 150 and 220 mm 3 . Individual tumor volumes were obtained from measurements of tumor length and width in millimeter using a digital caliper and calculated as follows: tumor volume (mm 3 ) = (longer diameter Â shorter diameter 2 ) Â 0.5. For intravital microscopy, the F2-1282 mammary tumor line was used. F2-1282 is the offspring of an F 1 transgenic animal from the MMTV/HER2 Fo2936-3 line. This tumor was maintained through serial passaging via surgical implant of 2-mm 3 sections into the second right mammary fat pad of wild-type FVB mice. F2-1282 expresses >1,000,000 copies of human HER2 per cell and is responsive to trastuzumab therapy (100% of F2-1282 tumorbearing animals exhibit complete tumor regression with 30 mg/kg trastuzumab administered weekly for 3 weeks).
Tumor staining. At 2, 24, and 48 h postinjection, three mice were anesthetized per group and a blood sample was collected for pharmacokinetic analysis. Peripheral vascular perfusion was done by flushing 0.9% saline through the left ventricle of the heart. Tumors were harvested, stored in 20% sucrose at 4jC for 1 h, and embedded into optimum cutting temperature (OCT) mounting medium at À70jC. Frozen tumor sections (6 Am) were cut using a Leica cryostat and mounted with Vectashield mounting media with DAPI nuclear stain (Vector Labs, Burlingame, CA) to counterstain nuclei. Two sections at 240-and 430-Am depth into each tumor were examined using a Nikon TE300 fluorescent microscope. Images using 10-, 20-, and 30-s exposures were captured using Spot Basic v3.5.2. Final images were generated using Adobe PhotoShop.
Single-photon emission computed tomography/computed tomography imaging. Fab4D5, AB.Fab4D5, and trastuzumab (10 mg/mL in PBS, 2.5 mmol/L EDTA) were conjugated with 5 mg/ml of 1,4,7,10-tetraazacylododecane N,N ¶,N 00 ,NØ-tetraacetic acid mono-(N -hydroxysuccinimidyl) ester (DOTA-NHS; Macrocyclics, Inc., Dallas, TX) in N-N ¶-dimethylacetamide at a 5:1 molar ratio at 30jC for 1 h. Electrospray mass spectrometry revealed peaks for each conjugate with increasing integral numbers of DOTA substituents allowing conjugation distribution to be directly determined. Metal ions present in DOTA remain bound during mass spectrometry, enabling the number of empty binding sites per molecule to be determined. Conjugations typically resulted in a median two DOTA per protein.
Indium 111 chloride (MDS Nordion, Vancouver, BC) was mixed at 50 AL/ mL of DOTA conjugate in 0.3 mol/L ammonium acetate at 25jC for 1 h. Reactions were quenched with 2 mmol/L diethylenetriaminepentaacetic acid and desalted using NAP-5 columns (GE-Amersham, Piscataway, NJ). Samples typically contained f2 mCi/mg protein.
Mice bearing 150 to 220 mm 3 Fo5 tumors were anesthetized with isoflurane and placed prone on the animal bed of an X-SPECT (Gamma Medica, Northridge, CA). Body temperature was maintained at 37jC with warm airflow under feedback control. Therapeutic doses of [
111
In]DOTAlabeled conjugates (4 mg/kg and 300-500 ACi) were injected via tail vein. Single-photon emission computed tomography (SPECT) and computed tomography (CT) images were acquired consecutively in the same dual gamma camera X-SPECT at 1, 6, 24, and 48 h postinjection. Each data set consisted of 64 Â 30-s SPECT projections. Images were reconstructed using an ordered subsets EM algorithm. After the final image, tissues were harvested and weighed, and radioactivity was measured in a gamma-well counter for comparison with image-based measurements. Regions of interest were defined using CT volumes to compute region of interest intensities for corresponding SPECT images. SPECT images were scaled according to a known reference standard. A comparison of ex vivo signals with in vivo image intensities was used to determine empirical recovery coefficients for each tissue allowing qualitative localization of [ Intravital microscopy. Female athymic nude mice (The Jackson Laboratory) were acclimated to animal housing for at least 1 week before surgery. Mice were anesthetized by i.p. injection of ketamine 80 mg/kg (Aveco Co., Inc., Fort Dodge, IA) and xylazine 10 mg/kg (Rugby Laboratories, Inc., Rockville Center, NY). The surgery procedure reported by Leunig et al. (24) was used with modification. After cleaning the dorsal lumbar and thoracic area with antimicrobial Betadine solution and alcohol, two symmetrical titanium frames (Research Instruments, Inc., Durham, NC)-mirror images of each other-were used to sandwich an extended double layer of skin. One layer was removed in a circular area f15 mm in diameter; the remaining layer consisting of epidermis, s.c. tissue, and striated muscle was covered with a glass overslip incorporated into one of the frames. Two days after implantation of the dorsal chamber, the overslip Albumin-Binding Antibody Fragment for Tumor Imaging www.aacrjournals.org was removed and a 1-mm-diameter piece of F2-1282 tumor was implanted onto the fascia at the center of the chamber. A new overslip was placed on the chamber. Tumor growth was monitored at least twice weekly. When tumors reached 3 to 4 mm in diameter, animals were randomized to receive i.v. injection of FITC-trastuzumab 10 mg/kg (n = 4), FITC-Fab4D5 20 mg/kg (n = 5), or FITC-AB.Fab4D5 20 mg/kg (n = 5). Molar ratios of FITC/protein were 3.2, 1.7, and 1.65, respectively. Using a Nipkow spinning disc confocal unit (Yokogawa Corporation of America, Newman, GA, model CSU 10) equipped with an intensified charge coupled device camera (Stanford Photonics, Inc., Palo Alto, CA model XR/Mega-10) and installed on a standard upright microscope (Nikon Instruments, Inc., Melville, NY, model Eclipse E800), tumors were imaged at 2 h postinjection for FITC-Fab4D5 and 24 h for FITC-AB.Fab4D5 and FITC-trastuzumab. Times were selected from an earlier time course study that showed maximal uptake of fluorescence in tumor cells at these times.
At necropsy, tumor tissue from dorsal-skin chamber tumors was embedded in OCT compound (Sakura Fineteck, Torrance, CA) and frozen at À80jC. Cryostat sections (5 Amol/L) were cut through tumor tissue and slides were allowed to dry at 25jC for 2 to 4 h. Slides were stored at À80jC until ready for staining and protected from light for all manipulations. Frozen sections were fixed in ice-cold methanol for 10 min and washed twice in PBS. Serum-Free Protein Block (DakoCytomation, Carpinteria, CA) was applied to each slide in a humidified chamber for 10 min. To visualize endothelial cells, 150 AL of rat anti-mouse CD31 (BD Bioscience PharMingen, San Jose, CA) at 10 Ag/mL in protein blocking solution were applied to each slide for 2 h at 25jC in a humidified chamber. Slides were rinsed twice in PBS and 150 AL of Cy3-conjugated, affinity-purified goat anti-Rat IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) were diluted 1:400 in DAKO blocking solution and applied for 30 min. Slides were washed twice with PBS and mounted with Vectashield mounting medium with DAPI nuclear stain (Vector Labs, Burlingame, CA). Slides were kept protected from light at 4jC until visualized by fluorescence microscopy.
Histologic quantification of vascular area, penetrated area, and total area was done using Image J software.
Pharmacokinetic analysis. BALB-c mice (Charles River Labs, Hollister, CA), weighing between 17 and 20 g, were given 5 mg/kg trastuzumab, Fab4D5, or AB.Fab4D5 (n = 9 mice per group) i.v. bolus via tail vein. Over 14 days, serum was collected from three mice per time point by retro-orbital bleed or cardiac aspiration. Serum samples were assayed as previously described (20) .
Results
Characterization of AB.Fab4D5. An albumin affinity column was used during AB.Fab4D5 purification to ensure a properly folded albumin-binding peptide. Albumin binding was shown by the ability of AB.Fab4D5 to displace a biotinylated albumin-binding peptide (SA06b) from binding to rabbit albumin. AB.Fab4D5 and unbiotinylated albumin-binding peptide, SA06, displaced SA06b to a similar extent, whereas Fab4D5 had no effect in this assay (Fig. 1A) . Binding of AB.Fab4D5 to HER2 ecd was comparable with Fab4D5 and was unaffected by the presence of rabbit albumin (Fig. 1B) . IC 50 values obtained for displacement of trastuzumab, a bivalent IgG, binding to HER2 ecd merely represent an upper limit to the affinity of Fab4D5 and AB.Fab4D5. Affinity of Fab4D5 for HER2 ecd was previously (5) and AB.Fab4D5 (n) to simultaneously bind immobilized albumin and biotinylated HER2 ecd was monitored as a function of increasing concentrations of biotinylated HER2 ecd .
reported as 0.1 nmol/L (22, 25) . These results, however, suggest that AB.Fab4D5 binds HER2 ecd comparable with Fab4D5, and binding is not dramatically affected by albumin/AB.Fab4D5 complex formation. Ability of AB.Fab4D5 to bind HER2 ecd and albumin simultaneously was shown by binding AB.Fab4D5 to immobilized albumin followed by detection with biotinylated HER2 ecd (Fig. 1C) . Fab4D5 is unable to generate a signal in this assay; however, AB.Fab4D5 acts as a bifunctional fusion protein able to bind both albumin and HER2 ecd simultaneously.
Elimination profiles for Fab4D5, AB.Fab4D5, and trastuzumab in mouse are shown in Fig. 2 .
Histologic assessment of tumor targeting. The relative ability of AB.Fab4D5, Fab4D5, and trastuzumab to target HER2-overexpressing tumors was initially assessed using a mammary tumor derived from an MMTV/HER2 transgenic FVB mouse (26) that does not respond to trastuzumab (Fo5). Dose of the Cy3-conjugated proteins was normalized to fluorescence and administered i.v. Tumors were harvested at 2, 24, or 48 h; sectioned; and examined for the presence of targeting molecules (Fig. 3) . Strong initial staining of all tumor cells at 2 h postinjection was observed with Fab4D5 followed by predominantly weak, membranous staining at 24 h and a complete lack of signal at 48 h (Fig. 3) . In contrast, Fo5 tumors treated with AB.Fab4D5 displayed robust membranous staining distributed throughout the tumor at 2 and 24 h after i.v. injection. Staining intensity of AB.Fab4D5 began to diminish by 48 h, although in all three animals, its presence was still detected in a majority of cells throughout the tumor. Poor tumor penetration by trastuzumab was noted at 2 h postinjection, with cells in the outer lobes of tumor displaying a robust, membranous Cy3-signal and cells deeper in tumor remaining unlabeled. By 24 h, trastuzumab had begun to penetrate deeper into Fo5 tumors with half of the cells displaying a robust staining and half staining weakly. At 48 h, trastuzumab penetration was variable, with two tumors demonstrating a predominance of membranous staining only in outer lobes of the tumor. The third tumor showed greater penetration by trastuzumab after 48 h, with f80% of tumor cells exhibiting a strong membranous staining.
Thus, although Fab4D5 and AB.Fab4D5 prominently stain tumor initially, at later time points (24 and 48 h) when trastuzumab begins to appear, Fab4D5 is no longer present in tumor. In contrast, AB.Fab4D5 maintains a prominent staining pattern and is effectively retained in tumor similar to trastuzumab. A negative control AB.Fab, AB.FabATF, does not recognize any mouse antigen and did not stain tumor at any time during the experiment, demonstrating that targeting by AB.Fab4D5 is antigen dependent.
Serum samples taken during the experiment were used to assess pharmacokinetic profiles of Cy3-conjugated trastuzumab, Fab4D5, AB.Fab4D5, and AB.FabATF in mouse. Similar profiles to that previously reported in mouse were observed (19, 20) . Association with albumin by either AB.Fab (AB.Fab4D5 or AB.FabATF) leads to a dramatic decrease in clearance relative to Fab4D5.
Quantitative determination of tumor targeting. To measure tumor deposition, mice bearing Fo5 tumors were injected i.v. with Fab4D5, AB.Fab4D5, AB.FabATF, and trastuzumab conjugated with DOTA and radiolabeled with 111 In. Their localization at 18 h is shown in Fig. 4A . Fab4D5 is found almost entirely in kidney, whereas both trastuzumab and AB.Fab4D5 are found both in circulation and prominently in tumor. Images taken a different time points were used to generate data in Fig. 4B . They revealed an early and transient appearance of Fab4D5 in tumor followed by rapid accumulation in kidney, whereas trastuzumab showed slow and progressive accumulation into tumor tissue. AB.Fab4D5 targeted tumor much more rapidly than trastuzumab and resulted in a final concentration in tumor comparable with that of trastuzumab. Tumor deposition of AB.Fab4D5 and trastuzumab was unchanged from 48 to 72 h (not shown). Accumulation of AB.Fab4D5 was greatest in tumor with relatively little normal tissue distribution (Fig. 4A) .
Intravital microscopy. Distribution of Fab4D5, AB.Fab4D5, and trastuzumab within tumor was monitored by intravital microscopy. Mice bearing F2-1282 tumors were fit with a window over the tumor site. Upon i.v. injection, epifluorescence microscopy of tumor enabled real-time visualization of FITC-conjugated molecules circulating through tumor tissue (Fig. 5A) . At peak staining, tumors were harvested, sectioned, and localization of targeting molecules was determined. The rate of tumor localization and penetration was similar to that observed for Cy3-conjugated molecules. The degree to which each molecule could penetrate the smallest cluster of tumor cells was observed with higher magnification (Fig. 5B) .
Both intravital microscopy ( Fig. 5A ) and histologic imaging (Fig. 5B) reveal that trastuzumab only penetrated three to four cell layers into these packets of tumor cells. Quantitative analysis of In SPECT (color scale ) and X-ray CT (ivory ) tomographic images were acquired. Images were coregistered by geometric transformation and fused with Analyze (AnalyzeDirect, Inc., Lenexa, KS) and then rendered to make the composite images (Amira, Mercury Computer Systems, Inc., Richmond, TX). Visualization was further aided by studying original data as movies in three dimensions. Fab4D5 (left ) shows classic kidney clearance; trastuzumab (right ) shows pronounced tumor uptake and substantial remaining blood pool. AB.Fab4D5 (middle ) distribution was more like trastuzumab than Fab4D5, with pronounced tumor uptake, some residual blood pool, and only low-level kidney uptake. B, concentration (percent injected dose per gram of tumor) of Fab4D5, AB.Fab4D5, and trastuzumab over time was compared using SPECT/CT imaging. Over a period of 48 h, mice (n = 5 or 6 per group) were imaged on five consecutive occasions with combined SPECT/CT imaging as described in Materials and Methods. Tumor SPECT intensities of Fab4D5 (5), AB.Fab4D5 (n), trastuzumab (o), and AB.FabATF (E) were converted to percent injected dose per gram by reference to a standard of known activity included in each image.
Cancer Research
Cancer Res 2007; 67: (1 histologic sections revealed that the penetrated area (green area) of Fab4D5 and AB.Fab4D5 was significantly larger than that of trastuzumab (P < 0.01) and penetration of AB.Fab4D5 was better than that of Fab4D5 (P < 0.05). There was little difference in the total tumor area (blue area) among the three molecules (Fig. 5C) . Therefore, the ratio of penetrated area to total area was significantly higher for Fab4D5 and AB.Fab4D5 compared with trastuzumab (P < 0.01) with a higher ratio for AB.Fab4D5 than Fab4D5 (P < 0.05). Preliminary studies using Fo5 have yielded similar images to F2-1282 tumors (data not shown).
Discussion
Efficient, specific, and uniform delivery of immunotherapies to tumor while minimizing normal tissue exposure remains a challenging problem despite identification of many highly specific tumor markers. Small immunoglobulin fragments have been explored in an effort to enhance tumor delivery and penetration yet reduce overall exposure to normal tissue; however, the tumor concentrations that these agents achieve are often low, and accumulation in kidney is high as they are rapidly cleared from blood.
In this study, we compared tumor-targeting properties of trastuzumab with an AB.Fab and Fab derived from trastuzumab; all bind to the same site on HER2 with similar affinity. The Fo5 allograft model is resistant to the growth-suppression properties of trastuzumab (26); however, all of these molecules bind Fo5 tumor cells expressing HER2 and can be internalized (data not shown).
As a bifunctional molecule, an AB.Fab retains the ability to bind antigen but is also capable of binding albumin (19, 20) . In fact, albumin binding does not seem to impede binding of antigen as its presence did not alter AB.Fab4D5 binding to HER2 ecd and both albumin and HER2 could be bound simultaneously (Fig. 1) . Figure 5 . Assessment of tumor penetration using intravital microscopy. Tumor penetration was assessed at maximum tumor accumulation. FITC-Fab4D5 was assessed at 2 h, whereas FITC-AB.Fab4D5 and FITC-trastuzumab were assessed at 24 h postinjection. A, representative intravital microscopy images were recorded using confocal laser scanning microscopy at Â200 magnification. B, microscopic images of F2-1282 tumor tissue. Injected trastuzumab, Fab4D5, or AB.Fab4D5 conjugated with FITC (green ) was detected over tumor tissue and displayed a membranous staining pattern. Vasculature was visualized with an anti-mouse CD31 detected with a Cy3-conjugated secondary antibody (red). All tissues were counterstained with DAPI (blue ) to detect nuclei. C, quantitative analysis using Image J software for measurement of penetrated area (green area ), total area (blue area ), and their ratio. *, P < 0.05; **, P < 0.01, compared with trastuzumab; #, P < 0.05 compared with Fab4D5. Trastuzumab, FITC-trastuzumab (n = 4 mice); Fab4D5, FITC-Fab4D5 (n = 5 mice); AB.Fab, FITC-AB.Fab4D5 (n = 5 mice).
Further, in vivo AB.Fab4D5 showed improved pharmacokinetics relative to Fab4D5 and more effectively localized to tumors overexpressing HER2 (Figs. 2-5 ). AB.FabATF did not localize to tumors (Figs. 3 and 4B ), supporting this antigen-dependent localization.
The rate of accumulation in tumor allografts was monitored in three different experiments using fluorescently labeled and radiolabeled Fab4D5, AB.Fab4D5, and trastuzumab (Figs. 3-5) . Although only representative time points are presented, observations for each molecule were consistent across experiments.
In each experiment, Fab4D5 showed excellent tumor penetration by 2 h followed by rapid clearance from both serum and tumor by 24 and 48 h (Figs. 2-5 ). High serum concentrations of small targeting immunoglobulin molecules like Fab4D5 facilitate diffusion into tumor, but as serum concentration drops due to rapid clearance, the concentration gradient reverses and these agents diffuse back out of the tumor (27) . Lack of retention in tumor by Fab4D5 suggests that it bound only transiently to the tumor surface and was not effectively internalized during its residence. Passive internalization and recycling of HER2 back to the cell surface has been previously observed (28, 29) and may account for this temporary sequestration of Fab4D5 in the tumor.
Nearly 24 h passed before significant levels of trastuzumab were observed in tumor; at the same time, its serum concentration decreased by only f50% (Fig. 2) . Slow tumor accumulation was accompanied by poor tumor penetration, with deeper penetration beyond the outer lobes of the tumor only apparent after 24 h (Figs. 3 and 5) . In contrast, AB.Fab4D5 accumulated rapidly in tumors, reaching similar levels to Fab4D5 by 2 h; however, whereas Fab4D5 redistributed to kidney, AB.Fab4D5 continued to accumulate in tumor, reaching levels similar to trastuzumab (Figs. 3 and 4) . AB.Fab4D5 retention suggests that a critical residence time in tumor is required for internalization and metabolism to enable permanent, rather than transient, tumor localization.
Rapid accumulation and retention in tumors coupled with an intermediate rate of clearance from serum resulted in very favorable tumor to normal tissue ratios for AB.Fab4D5 (Figs. 2  and 4) . At 24 h, both tumor and serum concentrations of AB.Fab4D5 and trastuzumab were similar, however, serum concentrations of AB.Fab4D5 decreased rapidly relative to trastuzumab, resulting in lower normal tissue exposure (Figs. 2 and 4) . Although small immunoglobulin fragments like scFv, diabodies, Fab, and F(ab ¶) 2 have previously been observed to transiently provide good tumor to normal ratios similar or even greater to that achieved for AB.Fab4D5, none of these other agents to date have shown the ability to achieve a concentration in tumor comparable with an IgG (8, 9, (30) (31) (32) (33) (34) . Efficient delivery of AB.Fab4D5 complemented by low backgrounds relative to trastuzumab is evident in Fig. 4 .
Combination SPECT/CT imaging was used as a direct way to quantify tumor deposition. Because the label used for monitoring a targeting molecule in vivo can affect absolute concentration and residence time observed in different tissues, 111 In was used to avoid dehalogenation losses associated with traditional 125 I labeling chemistries (35, 36) . Tumor deposition achieved by AB.Fab4D5 between 24 and 48 h was comparable with that achieved by trastuzumab and far exceeded that for Fab4D5 (Fig. 4B) . The apparent decrease in Cy3-AB.Fab4D5 staining at 48 h (Fig. 3) (32, (35) (36) (37) (38) (39) . Unlike Fab4D5, AB.Fab4D5 attained a similar overall concentration to trastuzumab in tumor (Figs. 3 and 4) ; appearance in tumor along with clearance from normal tissues and blood is rapid, resulting in superior tumor to normal tissue ratios.
Size has been directly linked to the ability of a targeting agent to penetrate tissue. Smaller agents penetrate to depths of 8 to 10 cell layers, whereas intact antibodies tend to localize immediately adjacent to blood vessels and are less evenly distributed throughout tumor (11, 40) . Using intravital microscopy, we examined tumor distribution of Fab4D5, AB.Fab4D5, and trastuzumab at their peak of tumor accumulation (Fig. 5) . Results obtained with Fab4D5 and trastuzumab agree with those obtained by others using different tumor models. Deep and even penetration of Fab4D5 and AB.Fab4D5 compared with limited penetration and distribution of trastuzumab. Penetration by AB.Fab4D5 was somewhat superior to that of Fab4D5 and may stem from the longer half-life and increased residence time in tumor, allowing AB.Fab4D5 to diffuse a greater distance. For instance, estimates suggest that it takes days for an IgG to travel 1 mm (or 1 h to travel 100 Am) in a tumor (2) .
Irregular blood flow in tumors contributes to heterogeneous delivery and biodistribution, thus complicating effectiveness of various therapies. To reach tumor, systemically delivered agents must cross the vascular barrier and move through the interstital space by diffusion or convection (2) . Efficient delivery, and even distribution of AB.Fab4D5, suggests that it has distinct advantages relative to Fab4D5 or trastuzumab. Although it is tempting to speculate that AB.Fab4D5 offers a size advantage relative to trastuzumab, the high concentration of albumin in vivo should cause AB.Fab4D5 to remain bound to albumin, making the apparent molecular weight of AB.Fab4D5 closer to that of trastuzumab (68 + 52 = 120 versus 150 kDa) than that of Fab4D5 (52 versus 50 kDa). Although the collagen content of a tumor affects diffusion of macromolecules in a size-dependent fashionparticularly in the range of 68 to 150 kDa (2)-the pore size in the extracellular matrix is organized by albumin to form a regularly spaced lattice (41) . Thus, the shape and slightly reduced size of the albumin/AB.Fab4D5 complex may allow preferential diffusion relative to full-length IgG.
Other mechanisms caused by association with albumin may also facilitate tumor delivery of AB.Fab4D5. Based on an observation that tumors catabolize excessive quantities of albumin (14, 15) , several attempts to use albumin as a carrier for chemotherapeutic agents have been reported (16) (17) (18) . In addition, Abraxane, which uses albumin to formulate and solubilize Taxol, is reported to have better biodistribution properties and reduced toxicity relative to other Taxol formulations (42) .
Albumin is ubiquitously distributed in high concentrations throughout the body and methods that facilitate biodistribution, diffusion, and the ability to cross endothelial barriers have been reported. For example, numerous vascular receptors have been reported to interact with albumin and facilitate its transport across endothelium (43) (44) (45) . In fact, transport of myeloperoxidase across the endothelium is enhanced through its association with albumin and is an important means of delivering myeloperoxidase to the subendothelial space (46) .
Alternatively, the size of AB.Fab4D5, either bound or unbound to albumin, combined with its pharmacokinetics may just strike an optimum balance to enable effective tumor targeting. Whatever the mechanism, favorable tumor-targeting properties of AB.Fab4D5 make it an exceptional molecule for imaging and therapy and are worthy of further investigation.
